We propose a new interpretation of Peccei-Quinn symmetry within the Standard Model, identifying it with the axial B +L symmetry i.e. U (1)P Q ≡ U (1) γ 5 (B+L) . This new interpretation retains all the attractive features of Peccei-Quinn solution to strong CP problem but in addition also leads to several other new and interesting consequences. Owing to the identification U (1)P Q ≡ U (1) γ 5 (B+L) the axion also behaves like Majoron inducing small seesaw masses for neutrinos after spontaneous symmetry breaking. Another novel feature of this identification is the phenomenon of spontaneous (and also chiral) proton decay with its decay rate associated with the axion decay constant. Low energy processes which can be used to test this interpretation are pointed out.
INTRODUCTION AND MOTIVATION
Ever since it was first proposed in [1] , Peccei-Quinn (PQ) symmetry has been the leading and most popular paradigm to explain the so called "strong CP problem" i.e. the observed CP conservation by the strong interaction. Its main prediction is the existence of the associated pseudo-Nambu-Goldstone boson, the axion [2, 3] . The axion receives its mass from non-perturbative QCD effects (see [4] for a recent review of QCD axion properties) and constitutes one of the most promising dark matter candidates [5] [6] [7] . Many experiments are looking for this elusive particle with several future experiments in various phases of implementation [8] [9] [10] [11] [12] .
Despite its great success in addressing the strong CP problem, the origin of PQ symmetry remains a mystery. In the early days, attempts were made to identify PQ symmetry with the axial baryon number U (1) A . This implied that the U (1) P Q was spontaneously broken by the Higgs vacuum expectation value (vev) Φ = v/ √ 2. The coupling of the axion to matter is, then, inversely proportional to the vev i.e. f
−1
A ∝ 1/v [13] and was soon ruled out experimentally. The axion can be made invisible by assuming that PQ symmetry is broken by the large vev of a Standard Model (SM) singlet scalar. Depending whether the SM quarks are charged under PQ symmetry or not, there exist two main classes of models namely the DFSZ [14, 15] and KSVZ [16, 17] models, respectively. In the DFSZ class of models no additional fermions are * Electronic address: mario.reig@ific.uv.es † Electronic address: rahulsri@ific.uv.es required while in the KSVZ models exotic quarks are needed to induce the QCD anomaly for PQ symmetry. However, in either type of invisible axion scenario the important point to note is that the PQ symmetry cannot be associated to axial baryon number like in the original proposals.
In most of its current avatars the PQ symmetry is assumed to be an additional global symmetry beyond the symmetries present in SM. This symmetry as well as the transformation of the SM fermions under it are fixed in a somewhat ad-hoc fashion. This allows one, for instance, to define models with very different axion-photon coupling [18, 19] . In addition, recently, a number of authors have made some insights in relating the PQ symmetry and the axion to flavor physics [20] [21] [22] [23] [24] [25] [26] 1 , unification [28] [29] [30] [31] [32] , inflation [33] [34] [35] [36] [37] and neutrino mass generation [26, [38] [39] [40] [41] . In this letter we propose a new interpretation of PecceiQuinn symmetry within SM. We show that the axial part of B + L symmetry, which we denote as U (1) γ5(B+L) can be identified with the PQ symmetry i.e.
Since the B and L charges of all SM fermions are fixed hence with this identification the PQ charges for different fields can no longer be arbitrary and are automatically fixed to be
Furthermore, with aim to generate naturally small seesaw masses for neutrinos, we also add three copies of right handed neutrinos with [ν L ] = −[ν R ] = 1 under the PQ symmetry.
It can be seen that the above PQ charges for quarks coincide with the charges of canonical DFSZ models [14] up to an unphysical rescaling. Thus the QCD anomaly structure is identical to the DFSZ class of models. Akin to them, the spontaneous breaking of anomalous PQ symmetry drives the QCD vacuum to a CP conserving minimum, thus solving the strong CP problem. The major difference resides in the lepton sector, which in our proposal has a PQ charge three times bigger than quarks. This can potentially allow one to discriminate between axion models and test our proposal.
Just like in usual PQ models, the U (1) γ5(B+L) will be broken spontaneously at high energies. However, the fact that the PQ symmetry is same as axial B + L symmetry leads to several interesting consequences as we discuss in next section. As in usual PQ models, the U (1) γ5(B+L) symmetry has to be broken at a high energy scale. In order to accomplish this we introduce a SM singlet scalar field σ ∼ (1, 1, 0) with PQ charge
The vev of σ field will break U (1) γ5(B+L) to a residual Z 6 subgroup under which quarks will transform as ω or ω
and leptons will transform as ω 3 ; ω being sixth root of unity with ω 6 = 1. As we now show, the γ 5 (B+L) nature of PQ symmetry along with the particular choice of its breaking has the attractive feature that the PQ breaking scale can now be related with the seesaw scale as well as the scale of "spontaneous proton decay". To show this we start with the operators responsible for generating Majorana mass of neutrinos and those mediating the proton decay. The Lagrangian responsible for neutrino mass generation is given by:
where
The vev of σ field apart from breaking the PQ symmetry also simultaneously generates a large Majorana mass
After EW symmetry breaking, this leads to naturally small masses for SM neutrinos through the well-known type-I seesaw mechanism [42] [43] [44] . Notice that this construct is very similar to the canonical Majoron type-I seesaw models [45, 46] . The difference being that, in our case it is the spontaneous breaking of U (1) γ5(B+L) which leads to neutrino masses. Thus the resulting axion of our model also behaves like the Majoron of the canonical models.
Another novel and striking feature is the link between proton stability and PQ symmetry, originating from the fact that in our case PQ symmetry is just γ 5 (B +L) symmetry. Thus the spontaneous breaking of PQ symmetry through σ also triggers spontaneous proton decay. Indeed this link can be seen at the effective operator level itself. Given the PQ charges of the fermions and σ, one can see that following effective operators are allowed by all symmetries
Once the PQ symmetry is broken by σ , these operators can lead to spontaneous proton decay in an appropriate Ultra-Violet (UV) completion of the model as we will discuss in next section. If we take σ ∼ 10 11 GeV i.e. the typical PQ breaking scale then one can easily see that not only it concides with a natural seesaw scale but also such a scale implies the UV completion scale to be at or below Grand Unified Theory (GUT) scale. Indeed taking the latest Super-Kamiokande (SK) bounds [47] we find that σ
For σ ≡ f A ∼ 10 11 GeV we get
In next section, as an illustrative example, we discuss one of the many possible UV completions of the effective operators in (5).
UV COMPLETION
The effective operators of (5) can be easily obtained from a full UV complete model. Since, in our case the PQ symmetry is identified with γ 5 (B + L) symmetry, any viable UV complete model in its PQ unbroken phase should preserve U (1) γ5(B+L) at the Lagrangian level and to all orders in perturbation theory. It should only be violated by instanton effects, generating the axion potential that drives the theory to a CP conserving minimum.
Keeping these requirements in mind, one can UV complete the model in several different ways. For sake of illustration here we discuss only one of the simplest such UV model. Apart from the SM fields, the scalar σ and the SU (2) L doublet scalars required to give all fermions masses 2 , we introduce a couple of scalar leptoquarks with masses larger than the limit obtained in (7)
In (8) 
where y X , y Y , κ are coupling constants. Below the mass scale of X, Y they can be integrated out leading to the effective operator
The presence of the couplings in (9) implies that the vev of σ field not only breaks PQ symmetry but also simultaneously induces spontaneous as well as chiral (in this case only right handed) proton decay as shown in Fig.1 . As we remarked before, this particular UV complete model is just one of the many possibilities. Other possible UV complete models can lead to the other operator of (5) while still other UV completions can result in both operators of (5) being present simultaneously. In this short letter we will not go in such details. The spontaneous proton decay can in principle be distinguished from other types of proton decay e.g. GUT mediated ones in proton decay experiments as we discuss in next section.
2 As we will discuss in coming section, we need four such scalars.
DISCRIMINATING SPONTANEOUS AND GUT MEDIATED PROTON DECAYS
There are four d = 6 effective operators leading to proton decay [48] :
In usual GUT proton decay is typically gauge boson mediated. This makes it vectorial and dominated by the operators O 1 and O 2 . In contrast, owing to its origin from U (1) γ5(B+L) symmetry, spontaneous proton decay is chiral, associated exclusively to either purely left-handed or purely right-handed fields.
Thus, in principle, if proton decay is ever detected, one may be able to distinguish between our model and the usual GUT proton decay. To do that, we define the ratio
For usual GUT gauge mediated proton decay this ratio should be approximately zero. For our case it is close to +1 or -1 depending on whether operator O 3 or O 4 dominates. One can easily envisage a general situation where this ratio can also be between the interval [−1, +1] by introducing, in a UV complete model, the appropriate leptoquarks for both left and right handed fields, separately. However, since the corresponding leptoquark Yukawa coupling to matter are in general different for both chiralities, barring fine tuned cancellation, the ratio is expected to be non-zero.
OTHER POTENTIAL EXPERIMENTAL TESTS
We now briefly discuss some other possible experimental tests which can be used to test our proposal.
Discriminating between axion models
As we mentioned before, our framework has some similarities with the standard DFSZ model. It has, however, some important differences as we discussed in previous sections. Another major difference that can help to discriminate between our model and the standard DFSZ is the value of the ratio of axion couplings to photons and gluons E/N . The DFSZ-like models predict a ratio [13] 
where E and N are the electromagnetic and QCD anomalies respectively. In our case this ratio is predicted to be 3 :
The effective coupling induced between the physical axion and photons is given by [4] 
In our case it is predicted to be
Exotic proton and neutrinoless double beta decays
As mentioned before, due to the γ 5 (B + L) nature of the PQ symmetry, the pseudo-Nambu-Goldstone boson 3 Note that this value can coincide with the DFSZ-III, where there are three SU (2) L scalar doublets [19] . However, our framework is considerably different from it and other tests like spontaneous proton decay can still be used to distinguish our model from DFSZ-III.
(a) of the model behaves as an axion as well as a Majoron. Thus, one can expect to also have exotic neutrinoless double beta decay involving a emission [49] given by
Moreover, since the PQ breaking also triggers spontaneous proton decay therefore one can also expect exotic proton decay again involving a emission given by
However, for the typical high energy breaking scale of PQ symmetry (∼ 10 11 GeV) both these processes will be considerably suppressed.
OTHER SALIENT FEATURES
Finally we discuss some other salient features of our proposal.
Are there extra Goldstone bosons?
As we remarked earlier, in order to give all SM fermions masses, we require at least four different SU (2) L doublet scalars with charge assignments given by
With all these doublets, the potential can exhibit a U (1) 5 global symmetry and can have several Nambu-Goldstone bosons. Only two of them, that will correspond to U (1) Y ×U (1) P Q , are desirable. However, these unwanted U (1) symmetries are not present in our case owing to the presence of the following quartic terms
These quartic terms break the unwanted U (1) symmetries thus eliminating all other Nambu-Goldstone bosons except the axion. Thus, we conclude that the only U (1) symmetries at the potential are the hypercharge U (1) Y and the PQ symmetry U (1) P Q leading to axions.
Residual discrete symmetry
As we mentioned before, the vev of the scalar σ breaks the continuous U (1) γ5(B+L) symmetry down to a discrete Z n subgroup. The residual Z n subgroup can be computed by looking at the PQ charges of the fermions and σ. Since σ has charge +2 and the quarks have charge 1/3, the unbroken symmetry turns out to be a Z 6 with q L ∼ ω and q R ∼ ω 5 under it; ω being sixth root of unit with ω 6 = 1. All the leptons will transform as ω 3 under the residual Z 6 . Since Z 6 is an even Z n group and neutrinos transform exactly as ω n/2 ≡ ω 3 under it, therefore they can be Majorana in nature [50] . Indeed as we showed earlier, Majorana mass do appear for right-handed neutrinos after breaking of PQ symmetry, in turn inducing the seesaw mass for left handed neutrinos as well.
Since the scalars H u , H d required for generating quark masses also carry PQ charge, therefore after electroweak symmetry breaking they will further break the Z 6 down to a Z 2 symmetry. The breaking can potentially introduce the well-known domain wall problem [51] . However, just like in DFSZ model it can be solved by standard mechanisms.
Absence of FCNC
Due to presence of several scalars, potentially dangerous flavor changing neutral currents (FCNC) mediated by the scalars can arise. Our framework, however, is free of such dangerous interactions. The reason is that, thanks to the chiral nature of PQ symmetry, each scalar couples selectively to only one kind of fermion. This automatically implies that the mass matrix of each fermion is proportional to its Yukawa coupling matrix
Since they commute they can be simultaneously diagonalized, avoiding FCNC. We like to point out that the absence of FCNC is actually a generic feature of PQ models and is not really unique to our case. However, it is reassuring to see that it is applicable to our case as well.
AXIAL (B − L) AS PQ SYMMETRY
One may easily envisage that in a similar way, PQ symmetry can be associated to γ 5 (B − L) symmetry. While this assignment also works to solve the strong CP problem leading to axions and linking it to neutrino mass generation, it does not offer the possibility to test it through the spontaneous chiral proton decay. In addition the axion-photon coupling will change according to new PQ charge assignments, i.e. since lepton PQ charge flips its sign the anomaly coefficient E changes affecting the ratio E/N , now given by
Finally we point that due to presence of the Yukawa couplings and scalar quartic terms like (19) , both symmetries, γ 5 (B − L) and γ 5 (B + L), cannot hold at the same time.
CONCLUSIONS
We have shown that one can associate the origin of Peccei-Quinn symmetry to the axial version of the well known U (1) B+L symmetry of the Standard Model. Unlike other axion models where PQ symmetry is a new ad hoc symmetry and the charges of SM fermions under it are not fully fixed, the assumption U (1) P Q = U (1) γ5(B+L) makes the model highly predictive. In fact, all the couplings to matter are fixed once the axion decay constant f A is known. The conceptual and phenomenological implications of this identification are diverse and intriguing. The (B + L) nature of PQ symmetry implies that the scale of PQ breaking is associated with the seesaw scale of neutrino mass generation. It also implies that the spontaneous breaking of PQ symmetry can also trigger the novel phenomenon of spontaneous chiral proton decay, allowing us to distinguish between our model and other theories such as usual GUTs. We also discussed differences with other standard axion models like DFSZ axion model. Thus, if the axion and/or proton decay is ever observed, it will not be a hard task to fully test our proposal.
